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nvestigation of the distribution and dynamics of biological molecules inside cells is critical for understanding physiological processes, diagnosing disease stages, and identifying therapeutic targets. 1 To fulfill these purposes, many nucleic acid molecular probes for intracellular imaging have been designed for targets ranging from proteins to RNAs and even small molecules. 2À14 Tyagi et al. have reported the use of fluorescentlabeled hybridization probes, such as molecular beacons (MBs), to monitor real-time expression levels and distributions of mRNA in vivo. 15 To overcome the instability of hybridization probes inside cells, Tan et al. designed and applied a series of modified nucleic acid probes (e.g., locked nucleic acids (LNA), 16 hybrid molecular probes, 17 and 2 0 -O-methylribonucleotides 18 ) for long-term, real-time, and multiple gene imaging. However, the use of molecular beacon-based nucleic acid probes is still challenged by inefficient probe introduction and uneven distribution of probes inside cells. 19 Recently, nanomaterials have gained increasing attention for the delivery of nucleic probes into cells by their highly efficient internalization, excellent biostability, and resistance to degradation by nucleases in living cells. 20À24 For example, Mirkin et al.
developed nucleic acid-conjugated gold nanoparticles called "nanoflares" to quantify molecular analytes and regulate mRNA expression in living cells. 21 ,25À28 Tang et al. reported intracellular simultaneous and multicolor imaging of tumor-related mRNA based on gold nanoparticles modified with molecular beacons. 29À31 In addition, Lin et al. employed complexes of graphene oxide nanosheets and fluorescent-labeled aptamers 13, 32, 33 for cellular delivery and molecular imaging in living cells. 34 However, the cytotoxicity of nanomaterials still cannot be neglected, especially at high concentrations for intracellular use. Even gold nanoparticles, which are considered the safest nanomaterial, are known to cause nephrotoxicity and eryptosis for sizes between 8 and 37 nm. 35, 36 By their controllability, excellent biocompatibility, and efficient cellular internalization, DNA nanoassemblies have been widely employed to deliver such cargos as antisense DNA and hydrophobic drugs for cancer therapy.
37À40 Previously, our group designed and constructed nucleic acid micelles self-assembled through DNAÀdiacyllipid conjugates, consisting of hydrophobic lipid tails and single-stranded hydrophilic DNA heads (Supporting Information, Figure S1 ). 41À43 Building on this foundation, we present a molecularly engineered switchable aptamer micelle flare nanostructure for intracellular imaging of biological molecules. Each hydrophobic diacyllipid tail is incorporated into a hydrophilic switchable aptamer head through solidphase phosphoramidite chemistry on an automatic DNA synthesizer, followed by self-assembly to form a uniform spherical nanostructure, which we term switchable aptamer micelle flare (SAMF). Because of the similarity between the intermolecular force of the diacyllipid in DNA micelle flares and the dynamic phospholipid bilayers in cell membranes, SAMFs can easily interact with cell membranes and enter cells. 42 SAMFs have many advantages over previous approaches, including facile probe modification, capable self-delivery, high signal-to-background ratio, excellent target selectivity, and superior biocompatibility. 43 These properties of SAMFs provide an efficient delivery and imaging platform for living cells without using nanomaterials that may cause potential toxic effects.
RESULTS AND DISCUSSION
Switchable aptamer micelle flares are self-assembled from conjugates containing an aptamer switch probe, 44 a PEG linker to a short DNA sequence complementary to part of the aptamer switch probe, and a diacyllipid tail. In addition, a fluorophore, TAMRA (tetramethylrhodamine), is covalently attached to the 3 0 -end of the probe, and a quencher, DABYCL (4-(4-dimethylaminophenylazo)-benzoic acid), is included between the 5 0 -end and the diacyllipid tail (Supporting Information, Table S2 ).
In the proof-of-concept experiment, adenosine triphosphate (ATP) was chosen as a target molecule inside cells because of its significant role in cell signaling and cellular reactions. As shown in Figure 1 , in the absence Figure 1 . Working principle of switchable aptamer micelle flares. Aptamer switch probe and diacyllipid conjugates are selfassembled to form the nanostructure of micelle flares. In the absence of target, the aptamer switch probe maintains a loopstem structure, and fluorescence is quenched because of the close proximity between fluorophore and quencher. Upon target binding, the conformation of switchable aptamer is altered, resulting in the restoration of fluorescence signal.
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of ATP molecules, the aptamer switch probe maintains a loop-stem structure, and fluorescence is quenched as a result of the close proximity between fluorophore and quencher (OFF state). However, the conformation of the probe is altered when the diacyllipid tail interacts with the cell membrane, causing the fluorophore to move far enough away from the quencher to result in restoration of fluorescence signal (ON state).
To characterize this design, we first examined the structural formation of SAMFs by agarose gel electrophoresis. As shown in Figure S3 (Supporting Information), in TBE buffer, aptamer switch probes without lipid conjugation move faster than the assembled micelle flares that have larger structures and higher molecular weights, indicating that the micelle flare aggregates were stably formed. Additionally, to provide direct evidence of amphiphilic switchable aptamerÀdiacyllipid conjugate self-assembly, we employed dynamic light scattering (DLS) to measure the physical size for water-soluble SAMFs (Figure 2a ). The hydrodynamic diameter of SAMFs in phosphate buffered saline (PBS) solution was measured as 34.67 nm, which was also demonstrated in a transmission electron microscope (TEM) image (28 nm, Figure 2b ). This highly uniform size originates from the strong hydrophobic interaction between the diacyllipid tails and the precisely designed secondary molecular structure of switchable aptamers.
To investigate the response to target molecules, SAMFs (1 μM) in PBS were titrated with a series of ATP concentrations. As shown in Figure 3a , SAMFs showed a significant fluorescence increase upon addition of ATP molecules, with a maximal of 3.9-fold enhancement after adding 2 mM ATP. The cellular ATP concentration is typically in the micromolar to millimolar range; thus, our SAMFs were able to sensitively respond to intracellular ATP expression. Furthermore, to test whether the binding affinity of the switchable aptamers was affected after self-assembly, a kinetics study showed a rapid restoration of fluorescence signal after addition of excess amounts of ATP ( Figure 3b ). This rapid response makes SAMFs feasible for intracellular imaging, essentially because the short detection time avoids unnecessary interferences from cells.
We next compared the specificity of SAMF to a control switchable DNA micelle flare (CSMF) with two mismatches in the binding domain of the aptamer sequence. SAMF showed more than 4-fold fluorescence increase upon addition of ATP, while the control showed little enhancement, even in a high concentration (2 mM) of ATP because of the low binding affinity of CSMF to ATP molecules (Supporting Information, Figure S4 ). Additionally, the selectivity of SAMF was investigated with analogues of ATP, including cytosine triphosphate (CTP), thymidine triphosphate (TTP), guanidine triphosphate (GTP), and uridine triphosphate (UTP). As shown in Figure 3c , these ATP analogues did not induce a significant fluorescence enhancement relative to target ATP molecules, strongly indicating that SAMFs can discriminate between ATP and its analogues in living cells. More significantly, as shown in Figure 3d , switchable aptamer micelle flares showed excellent biocompatibility with living cells based on the cell proliferation assay (MTS). This is most probably attributed to the structure similarity between diacyllipid and phospholipid ; the basic component of cell membrane. This result indicates that SAMFs provide a new safe and noncytotoxic nanomaterial for intracellular or in vivo imaging.
Having demonstrated the specificity and selectivity of SAMFs in vitro, we next verified their cell permeability for imaging of intracellular ATP expression and distribution in HeLa cells (human cervical cancer cells). Confocal laser scanning microscopy was used to image the fluorescence signals from HeLa cells incubated with the same amount of SAMF, CSMF, and aptamer switch probe without diacyllipid. As shown in Figure 4a , an aptamer switch probe without conjugation to the diacyllipid did not result in internalization (no fluorescence signal). However, HeLa cells treated with SAMFs (Figure 4c) showed an intense fluorescence signal ARTICLE compared to cells cultured with CSMFs (Figure 4b) , which showed only slight fluorescence intensity, probably resulting from degradation by nucleases or nonspecific opening of the hairpins by protein binding. It is noteworthy that the fluorescence signals were mostly localized in the cytoplasm rather than nucleus. Thus, micelle flares are also able to overcome problems associated with microinjection, a method which, because of nuclear sequestration, delivers most nucleic acid probes into the nucleus. To further quantify the intracellular signal of SAMFs in a high-throughput manner, HeLa cells cultured with equal concentrations of SAMFs or CSMFs were treated with trypsin, followed by characterization by analytical flow cytometry. Samples of 20 000 cells were counted and compared based on cell-associated fluorescence intensity. As shown in Figure 4d , SAMFs showed a 2.3-fold fluorescence enhancement relative to cells treated with CSMFs. The flow cytometry data are consistent with confocal imaging results, and they also demonstrate the cellular internalization and signaling capabilities of SAMF.
To reveal the mechanism of SAMFs internalized into HeLa cells, time-dependent fluorescence measurements at 0.5, 1, 2, and 4 h are carried out. SAMFs were initially found to be distributed on the cell membrane with a weak fluorescence signal at 0.5 h (Supporting Information, Figure S5a) . Afterward, the fluorescence signal became accumulated in cytoplasm from 1 to 2 h (Supporting Information, Figure S5c ,e). Finally, SAMFs were mostly distributed in the cytoplasm other than the nucleus at 4 h (Supporting Information, Figure S5g) ; meanwhile, CSMFs showed a weak increase of fluorescence signal from 0.5 to 4 h, probably resulting from nonspecific opening of the hairpins by protein binding (Supporting Information, Figure S5b ,d,f,h). Next, to further investigate the cellular distribution of internalized SAMF, colocalization of SAMFs and lysosomes was examined by costaining with LysoSensor (lysosome marker). As shown in Figure S6 (Supporting Information), a fraction of SMAFs colocalized with lysosomes, suggesting the minor accumulation of SAMFs in lysosomes by an endocytosis pathway. However, most amphiphilic SAMFs were distributed in the cellular plasma. In light of time-dependent fluorescence measurement and colocalization assay, here we propose the following possible mechanism for internalization of SAMFs into living cells. SAMFs are initially in close proximity to the cell ARTICLE membrane, and then they disintegrate and fuse with the cell membrane. Partially disintegrated SAMFs will permeate the cell through the process of endocytosis, while most fused SAMFs might flip and diffuse from the cell membrane to the cytoplasm during a process of membrane recycling because of a thermodynamically unfavorable structure with the hydrophobic tail pointing into aqueous solution. 42 The detailed mechanisms will be further investigated with more experiments in the future. Next, to study the ability of SAMF to respond to changes of ATP expression in living cells, we used two small molecules, etoposide and oligomycin, 45, 46 Figure S7 ). The ATP level in HeLa cells treated with 100 μM etoposide showed an increase from 100 to 135, while the expression of intracellular ATP decreased from 100 to 84 in the cells treated with 3 μg/mL oligomycin, in good agreement with previous measurements. 27, 47 Furthermore, the average cellular ATP concentration was determined for the bulk HeLa cell samples by using a commercial luciferase ATP assay, which showed the ATP concentrations of 2.5, 3.9, and 2.0 mM for untreated, etoposide-treated, and oligomycintreated HeLa cells, respectively (Supporting Information, Figure S8 ). If normalized with untreated HeLa cells, the relative amount of etoposide-treated HeLa cells was 156, and that of oligomycin-treated HeLa cells was 80. Thus, the relative fluorescence intensities measured by SAMF were consistent with the cellular average ATP concentrations after treatment with drugs. Since some biological processes are dependent on cell-to-cell variation, the results demonstrate that SAMFs are able to detect the variation of ATP expression inside living cells. In the end, we further estimated cytoplasmic ATP concentration with SAMFs and obtained a value of 2.8 mM following lysis of live HeLa cells (Supporting Information, Figure S9 ). This value was consistent with the determination of average cellular ATP expression with standard luciferase assay and previous measurement with other aptamer-based intracellular approaches, such as aptamers embedded in nanoparticles and nanoflares, 23, 27 thus indicating the good sensitivity of SAMF for intracellular quantification of significant biological molecules.
CONCLUSIONS
In summary, we assembled switchable aptamerÀ diacyllipid conjugates at the molecular level to form micelle flares for the measurement of ATP in vitro and further applied the self-assembled nanostructure for molecular imaging inside living cells. The switchable aptamer micelle flares maintain binding affinity to target molecules. They also show potential for the delivery of cargos into living cells without using toxic nanomaterials and for intracellular imaging of the expression and distribution of biomolecules. More significantly, switchable aptamer micelle flares can measure the changes of ATP expression in real time when cells are stimulated to increase or decrease ATP levels. Future work will include application of various types of nucleic acid probe micelle flares for ratiometric quantitation of biomolecules in living cells.
MATERIALS AND METHODS
DNA Synthesis. All oligonucleotides were synthesized based on solid-phase phosphoramidite chemistry at a 1 μmol scale using an ABI 3400 synthesizer. Lipid phosphoramidite ( Figure S2 ) dissolved in methylene chloride was directly coupled onto the sequence by the DNA synthesizer with an extended coupling time (900 s). After synthesis, the DNA sequences were cleaved and ARTICLE deprotected in a solution of methanol/tert-butylamine/water (1:1:2) at 65°C for 4 h for TAMRA labeling. Deprotected sequences were purified by reverse-phase HPLC using a C4 column (BioBasic-4, 200 mm Â 4.6 mm, Thermo Scientific) with 100 mM triethylamineÀacetic acid buffer (TEAA, pH 7.5) and acetonitrile (0À30 min, 10À100%) as the eluent. The collected sequences were vacuum-dried and stored at À20°C for future use.
Characterization of Micelle Flares. Each DNA sample was analyzed by electrophoresis for about 90 min at constant 75 V through a 4% agarose gel in 1Â TBE (tris(hydroxymethyl)aminomethane (Tris, 89 mM), ethylenediamine tetraacetic acid (EDTA, 2 mM), and boric acid (89 mM), pH 8.0) buffer. The DNA bands were visualized by UV illumination (312 nm) and photographed by a digital camera. The particle sizes (diameters) and their distribution were measured by a ZetaPALS DLS detector (Brookhaven Instruments, Holtsville, NY, USA) at 25°C. The scattering angle was fixed at 90°.
Cell Culture. HeLa cervical cancer cells (American Type Culture Collection, Manassas, VA) were maintained in Dulbecco's modification of Eagle's medium (Fisher Scientific) with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and 0.5 mg/mL penicillinstreptomycin (Sigma, St. Louis, MO) at 37°C in 5% CO 2 /air. Cells were plated in 35 mm glass-bottomed culture dishes (MatTek Corp., Ashland, MA) and grown to 80% confluency for 48 h before incubation with probes. To stimulate expression of ATP in vivo, the cell medium was immediately mixed with 100 μM etoposide or 3 μg/mL oligomycin (Sigma) before imaging.
Cytotoxicity Assay. The cytotoxicity of SAMFs was determined using a CellTiter 96 cell proliferation assay (Promega, Madison, WI, USA). After seeding in 96-well plates and culturing overnight, the cells were incubated with SAMFs (with a final concentration ranging from 0.2 to 2 μM, diluted by culture media) for 2 h, washed with PBS, and then cultured with fresh medium for future cell growth (48 h). After removing the cell medium, CellTiter reagent (20 μL) diluted in fresh medium (100 μL) was added to each well and incubated for 1À2 h. The absorbance (490 nm) was recorded by using a plate reader (Tecan Safire microplate reader, AG, Switzerland). The cell viability was determined as described by the manufacturer.
Confocal Fluorescence Microscopy Imaging. All cellular fluorescent images were collected with the confocal microscope setup using laser excitation. Switchable and control aptamer micelle flares with TAMRA (1 μM concentration in phosphate buffered saline (PBS) and 5 mM MgCl 2 ) were excited at 543 nm, and the fluorescence was collected at 570 nm. HeLa cells were incubated with SAMF or CSMF for 2 h, followed by washing twice with PBS to remove unbound probes. To avoid unnecessary dye photobleaching and any damage to the cells, the microscope shutter was opened only long enough to allow the laser to illuminate the bound cells while a fluorescence image was collected. Cells were treated with 3 μg/mL oligomycin or 100 μM etoposide for 0.5 h, followed by incubation with 1 μM switchable aptmaer micelle flares as described above for 2 h.
Flow Cytometric Assay. HeLa cells incubated with 1 μM SAMF or CSMF for 2 h and were then washed to remove unbound probes. After treatment with trypsin, cells (200 μL, 1Â 10 6 cells per mL) were suspended in 1Â PBS buffer and analyzed by a FACScan cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA).
Cell Lysate Preparation. HeLa cells were plated in a 35 mm cell culture dish (Corning Incorporated, Corning, NY, USA) and grown around 80% confluency before the experiments. Cells were washed twice with 1 mL of PBS, and then 0.5 mL of Tris-HCl buffer without proteinase inhibitor was added to the cell culture dish. Finally, cells were scraped off the cell culture dish and ruptured by mechanical shearing using a douncer homogenizer.
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